Saccharomyces cerevisiae HAU-1, a time tested industrial yeast possesses most of the desirable fermentation characteristics like fast growth and fermentation rate, osmotolerance, high ethanol tolerance, ability to ferment molasses, and to ferment at elevated temperatures etc. However, this yeast was found to be sensitive against the killer strains of Saccharomyces cerevisiae. In the present study, killer trait was introduced into Saccharomyces cerevisiae HAU-1 by protoplast fusion with Saccharomyces cerevisiae MTCC 475, a killer strain. The resultant fusants were characterized for desirable fermentation characteristics. All the technologically important characteristics of distillery yeast Saccharomyces cerevisiae HAU-1 were retained in the fusants, and in addition the killer trait was also introduced into them. Further, the killer activity was found to be stably maintained during hostile conditions of ethanol fermentations in dextrose or molasses, and even during biomass recycling.
INTRODUCTION
Bio-ethanol, ethanol produced by fermentation of sugars, starchy or cellulosic hydolysate by yeast Saccharomyces cerevisiae or bacterium Zymomonas mobilis, has emerged as the most promising energy resource of future, in view of the rapidly dwindling world's fossil fuel reserves (13, 33) . Besides, there is huge demand of ethanol as chemical feedstock and as a component of alcoholic beverages. In India and in most of the world, ethanol production is carried out by conventional batch fermentation under hostile environmental conditions without a precise control over various process parameters (31) .
Fermentation is generally run in open vessels and
contamination by undesired wild yeast flora is quite common which often results in sluggish or stuck fermentation leading to lower ethanol yields. Among the several causes reported for sluggish or stuck fermentation, one potential cause may be contamination by the wild killer yeast which may not only compete with the starter culture for the substrate but also destroys it if the latter is sensitive to the toxin produced by the wild killer yeast, resulting in almost complete fermentation failure (2) .
The killer phenomenon, after its first discovery in
Saccharomyces cerevisiae (7) , has now been found in many other yeast genera (2) . Production of killer toxin and immunity towards it, is determined by cytoplasmically inherited double stranded RNA (ds RNA) plasmid, linear DNA plasmid or chromosomal elements (22) . The killer phenomenon of yeast that killer phenomenon confers a competitive edge to the producer strain by excluding other yeasts from its habitat (35) .
Attempts have been made in many laboratories all over the world to construct starter cultures with killer character by using variety of techniques like traditional breeding, protoplast fusion, electrofusion or recombinant DNA technology (11, 17, (26) (27) (28) 30) . Majority of industrial yeast strains being polyploids of undefined ploidy, are not easily amenable to genetic manipulations, therefore, alternate techniques are employed (2) . Most of the studies have been confined to the development of winery and brewery yeasts with killer character. To our knowledge no work is reported regarding the development of distillery yeasts with killer character.
In our previous study, we have shown that incidence of killer yeast in molasses, one of the most commonly used substrates in distilleries, is considerably high; besides, analysis of 21 industrial yeast strains (including S. cerevisiae HAU-1, which is being used in several ethanol based fermentation industries in India), showed that all of them were of sensitive phenotype (2) . This was perturbing, and we were prompted to consider that it is necessary to develop a starter yeast strain with killer character so that it can destroy the wild contaminating yeasts during ethanol fermentation, and at the same time itself must remain resistant to the wild killer yeasts.
The frequent failures of alcoholic fermentation may be due to the action of contaminating wild killer yeasts on the starter cultures, besides other reasons. Considering that ethanol fermentation is conducted in partly sterilized conditions, molasses being contaminated with wild killer yeasts, and sensitive nature of most of the industrial strains, the present study was planned to transfer the killer character into commercial fast (molasses) fermenting distillery yeast strain S.
cerevisiae HAU-1, by protoplast fusion, and to assess the fermentation performance of the constructed killer yeast with regard to desired ethanol production characteristics, and its ability to deal with wild contaminants from molasses.
MATERIALS AND METHODS

Organisms, chemicals and media
Yeast strains used in this study were: Saccharomyces 
Protoplast preparation and fusion
For protoplasts preparation, mid log phase cells grown in 
Fermentation studies
Ethanol fermentation studies were carried out as described previously (4). Inoculum was developed in YEPD at pH 5. 
Stability of killer character in fusants
For determining stability of killer character in fusants, samples drawn from fermented broth were appropriately diluted and spread plated on the killer assay medium plates preseeded with sensitive cells, and killer activity was determined for more than 5000 clones. Quantification of killer activity was Killer industrial S. cerevisiae also carried out by using cell free filtrate of fermentation broth as described above in heading assay of killer activity.
Ethanol tolerance of fusants
Ethanol tolerance of yeast strains was determined spectrophotometrically by measuring the growth in presence of exogenously added ethanol using the following equation:
Total growth = X max -X 0 X max = Maximum growth at particular time, and X 0 = Growth at '0' time
Enzyme assay
Enzymes assayed in cell free extracts of yeast strains were:
invertase (12), pyruvate decarboxylase (25) 
RESULTS AND DISCUSSION
Assessment of fermentation characteristics of parent strains and fusants
A total of 150 fusants were picked up from selective agar medium based upon colony size and shape. All the picked up fusants were tested for their killer activity against standard sensitive strain, and of these, 81 fusants showed killer activity just like the parent killer strain, and these fusant clones were further tested for their ethanol producing ability in YEPD. Only 4 fusants (F 3, F 38, F 81, F 121 ) out of total 81 examined, gave an ethanol yield that was comparable to that by the parent industrial strain S. cerevisiae HAU-1 (4). As ethanol producing ability is governed by large number of genes, during protoplast fusion some of these genes might have altered, therefore, many of the fusants yielded much less ethanol content than the parent industrial strain S. cerevisiae HAU-1. In further experiments, these 4 fusants having primarily required properties from both the parent strains, were characterized for other desirable fermentation characteristics. Ethanol yield by selected four fusants from molasses, as substrate, was quite satisfactory and comparable with that by industrial strain S. cerevisiae HAU-1 (Table 1) . The two key enzymes which have got instrumental role in determining the rate and amount of ethanol produced by yeast are pyruvate decarboxylase and alcohol dehydrogenase; and invertase is essential for ethanol production from molasses, and may serve as one of the limiting factors in ethanol production from molasses (31) . In the present study, close resemblance in the specific activity of these enzymes was observed in constructed fusants and in industrial strain S. cerevisiae HAU-1 (Table 2) , which indicates that there has been no or least if any, disturbance in nuclear genes during the process of protoplast fusion, but only cytoplasmic fusion has occurred (11). by a large number of genes, if there is alteration in the nuclear genome during the process of protoplast fusion, there is possibility that some of the desirable features may be lost (11) .
In contrast, genetically improved yeast developed by protoplast fusion showed higher pyruvate decarboxylase and alcohol dehydrogenacase activity, and produced more ethanol as compared to the parent strains (17) . However, cloning and over expression of 8 different enzymes of glycolysis including pyruvate decarboxylase and alcohol dehydrogenase has been reported to cause no improvement in ethanol productivity (24) .
The results in the present study showed that the activity of key enzymes i.e. pyruvate decarboxylase, alcohol dehydrogenase and invertase, involved in ethanol production was unaltered in the selected 4 fusants ( Table 2 ) and further more, other technological characteristics associated with industrial yeast S.
cerevisiae HAU-1 like ethanol tolerance (Table 3) , ability to perform under biomass recycling and at high sugar concentrations (data not shown) etc. were also maintained in the selected fusants. This substantiates the hypothesis that most of the nuclear genes remain unaltered during protoplast fusion.
The selected 4 fusants were capable of tolerating ethanol up to 10% (v/v), again resembling the parent industrial strain S.
cerevisiae HAU-1 (Table 3) Killer character has been introduced in the industrial strains by variety of methods by different researchers (11, 17, 23, 26, 27, 28, 30) . Killer wine yeasts constructed by protoplast fusion not only retained all the technologically important characteristics (11, 26, 30) but showed potentially more competitive edge against wild yeasts and produced more ethanol than the parent industrial strain (11) . Killer industrial S. cerevisiae (Table 4) . 
Effect of biomass recycling on killer activity
Biomass recycling is practiced in many ethanol fermentation units mainly to enhance the ethanol yield, besides, it helps saving time, cost and labor, and can play very important role in improving the overall process economy (31) .
There is a possibility that recycling of biomass may lead to the loss of killer character. Fermentation was run by using the 
Effect of pH and temperature on killer activity
Since killer toxin is a protein/glycoprotein, it may loose its activity when exposed to extremes of pH and temperature.
Killer activity was tested after running fermentation in media with different pH (3.0-6.0). It was found that killer activity was expressed maximally in pH range of 4.0 to 5.5, as indicated by the size of inhibition zone (21 mm); pH above and below this range caused decrease of killer activity (Table 5) . Similarly, (35) . Also, these variations also accounts for differential mechanism of action of killer toxins from different yeasts. Ideally, the industrial starter culture must show broad range killing ability against wild contaminants.
Conclusions
In this study, killer character has been successfully transferred into industrial yeast S. cerevisiae HAU-1 by protoplast fusion. Examination of 4 fusants showed that all the desirable fermentation properties of distillery strain S.
cerevisiae HAU-1 are substantially retained, sustaining the hypothesis that nuclear DNA exchanges if any, had been minimal. Further, it is realized that there is a need to develop a distillery strain of S. cerevisiae with a broad spectrum of killer activity, which should be practically active against all types of wild yeasts, Saccharomyces as well as non-saccharomyces spp.
present in molasses and other substrates.
